Asthenozoospermia is one of the leading causes of male infertility owing to a decline in sperm motility. Herein, we determined if there is a correlation between RNASET2 content on human spermatozoa and sperm motility in 205 semen samples from both asthenozoospermia patients and normozoospermia individuals. RNASET2 content was higher in sperm from asthenozoospermia patients than in normozoospermia individuals. On the other hand, its content was inversely correlated with sperm motility as well as progressive motility. Moreover, the inhibitory effect of RNASET2 on sperm motility was induced by incubating normozoospermic sperm with RNase T2 protein. Such treatment caused significant declines in intracellular spermatozoa PKA activity, PI3K activity and calcium level, which resulted in severely impaired sperm motility, and the sperm motility was largely rescued by cAMP supplementation. Finally, protein immunoprecipitation and mass spectrometry identified proteins whose interactions with RNASET2 were associated with declines in human spermatozoa motility. AKAP4, a protein regulating PKA activity, coimmunoprecipated with RNASET2 and they colocalized with one another in the sperm tail, which might contribute to reduced sperm motility. Thus, RNASET2 may be a novel biomarker of asthenozoospermia. Increases in RNASET2 can interact with AKAP4 in human sperm tail and subsequently reduce sperm motility by suppressing PKA/PI3K/calcium signaling pathways.
Introduction
Ribonucleases (RNases) are crucial enzymes controlling RNA metabolism in almost all organisms. Traditionally, RNases are subdivided into the RNase T1, RNase A and RNase T2 families, according to their base sequence specificity, structure, function, optimal pH and origin (Campomenosi et al. 2006 , Luhtala & Parker 2010 . The RNases in the T2 family mainly include ACTIBIND in fungi and RNASET2 in humans. Indeed, ACTIBIND and RNASET2 share 34% and 52% amino acid sequence homology and have similar biological activities in RNA metabolism and particularly in tumor suppression. Recent studies reported that ACTIBIND, a T2 ribonuclease from Aspergillus niger, can bind to actin and disrupt its internal networks in colon cancer cells and induce cell motility inhibition as well as have antiangiogenic and anticarcinogenic effects , Schwartz et al. 2007 , de Leeuw et al. 2012 .
Similarly, RNASET2, the only member of the RNases T2 family in humans, has also been implicated to possess antitumorigenic and antiangiogenic activities (Acquati et al. 2005 , 2011 , Monti et al. 2008 . Deletion of the chromosomal region in the RNASET2 gene is associated with several human malignancies (Lin & Morin 2001 , Monti et al. 2008 , Acquati et al. 2013 . More importantly, serial successive studies reported that both the natural RNase T2 protein isolated from Aspergillus niger and the recombinant RNase T2 protein expressed either in E. coli system or eukaryotic cells disrupted the organization of intracellular actin filaments and manifest antitumorigenic and antiangiogenic activities in both in vitro and in vivo assays (Nesiel-Nuttman et al. 2014 , Roiz et al. 2016 .
Besides demonstrating its ability to inhibit invasiveness of cancer cells, our previous study showed that RNASET2 is also present in human semen and is presumed to be an asthenozoospermia diagnostic marker (Liu et al. 2013) . We found that RNASET2 was localized in the acrosome, neck and tail regions of human spermatozoa, and moreover, it was highly expressed in asthenozoospermic spermatozoa and highly localized in the neck and tail region, which provides sperm motility through flagellum undulation. The current study was undertaken to further characterize the potential correlation between RNASET2 content and asthenozoospermia and in particular to focus on characterizing the RNASET2-linked signaling pathways inhibiting human sperm motility.
Herein, we report on the human spermatozoa RNASET2 content in 205 individual semen samples obtained from 100 normozoospermia men and 105 asthenozoospermia patients. Initially, we confirmed that RNASET2 content is higher in the spermatozoa from asthenozoospermia patients. Besides its binding to actin, RNase T2 also combines with AKAP4 in the sperm tail and reduces sperm motility through declines in the PKA/PI3K/calcium signal pathway activity.
Materials and methods

Specimen procurement
Human semen specimens were obtained from the Reproductive Medicine Center, Ruijin Hospital, Shanghai Jiao Tong University, School of Medicine. Enrollment occurred between June, 2013 and December, 2014. Use of the semen samples was approved by the Ethics Committee of these units, and all experiments were performed in accordance with relevant guidelines and regulations. All semen specimens, both normozoospermia and asthenozoospermia, were collected from participants (20-35 years old) who gave written informed consent, and then were analyzed using computer-assisted semen analyzer (CASA, Hamilton-Thorn Research, Beverly, MA, USA). The semen specimens were selected according to World Health Organization guidelines (WHO 2010), i.e. sperm density was higher than 1.5 × 10 7 sperm/mL and normal spermatozoa morphology was higher than 4%.
Flow cytometry assay
Detection of RNASET2 on spermatozoa was carried out by indirect immunofluorescent staining in conjunction with flow cytometry. The immunofluorescent staining and flow cytometry assay were performed as described (Liu et al. 2013) . Spermatozoa were separated by centrifugation (500 g, 4°C, 15 min) and fixed in 4% paraformaldehyde for 10 min at room temperature. Sperm samples were labeled with mouse antiRNase T2 monoclonal antibody (1:200 dilution, sc393729, Santa Cruz Biotechnology) and subsequently with CF488-conjugated donkey anti-mouse IgG (1:400 dilution, Biotium, Hayward, CA, USA). Flow cytometry measured the spermatozoa fluorescence signals (Becton Dickinson, Beckman Coulter, Brea, CA, USA). Cell Quest software analyzed the emission originating from at least 30,000 events (Beckman Coulter).
Sperm motility inhibition assays
In a sperm motility inhibition assay, RNase T2 protein (secreted by Aspergillus niger, also named ACTIBIND) was purified from the Aspergillus niger growth medium as described (Roiz et al. 2000 , Liu et al. 2013 . The purified RNase T2 protein was finally dissolved in PBS and its identity was previously confirmed by Western blot and mass spectrometry in our previous study (Liu et al. 2013) . The BCA assay determined purified RNase T2 concentration (Pierce).
The sperm motility inhibition assay was carried out as previously reported (Liu et al. 2013) . Spermatozoa were obtained by the swim-up method in Tyrode's buffer (SigmaAldrich). The isolated sperm suspension density was adjusted to 30 million sperm/mL and then divided into three groups: (1) RNase T2 group incubated with 100 μg/mL of RNase T2 protein, (2) control group incubated with 100 μg/mL of RNase A and (3) blank group in Tyrode's buffer without any treatment. Sperm suspensions were cultured at 5% CO 2 , 37°C for 0.5, 1 and 2 h. CASA determined inhibitory effectiveness after treatment with 100 µg/mL of RNase T2 protein in accordance with 2010 WHO criteria for making this assessment.
Protein immunoprecipitation (IP) assay
Immunoprecipitation was applied to separate the proteins interacting with RNASET2 in human spermatozoa. Human spermatozoa were lysed with RIPA buffer (Pierce) supplemented with protease inhibitor (Roche, Werk Penzberg) and kept in a rotating ice bath for at least 30 min in order to allow proteins to dissolve completely. Centrifugation (12,000 g, 10 min) was then applied to remove the sediment, and 500 μL of a sperm protein sample were incubated with 10 μg of rabbit antiRNase T2 antibodies (ab107313, Abcam) overnight at 4°C. Additionally, normal rabbit IgG (Millipore) was used as a negative control. Then, 50 μL of Protein G agarose were added into the slurry containing the sperm-antibody complex and incubated with gentle mixing for 4 h at 4°C. After incubation, the agarose beads were washed with TBS by centrifugation three times and the agarose beads with protein complex were further analyzed by either liquid chromatography tandem mass spectrometry (LC-MS) or Western blot.
LC-MS analysis
The LC-MS analysis was performed as described . Reverse phase-high performance liquid chromatography (RP-HPLC) separation was achieved on the Suveyer HPLC system (Thermo Fisher Scientific) equipped with a self-packed column (75 μm × 120 mm) at a flow rate of 250 nL/min. An LTQOrbitrap instrument (Thermo Fisher Scientific) was operated in data-dependent mode. The mass spectrometer was set so that each full MS scan was followed by 10 most intense ions for MS/MS with charge ≥+2 and the following Dynamic Exclusion settings were used: repeat counts, 1; repeat duration, 120 s; exclusion duration, 180 s. The full mass was scanned in the Orbitrap analyzer with R = 60,000 (defined at m/z 400), and the subsequent MS/MS analysis was performed in the LTQ analyzer. All MS/MS spectra were searched using Maxquant 385 www.reproduction-online. 
Western blot analysis
Protein samples were separated by SDS-PAGE, and then transferred to polyvinylidene difluoride (PVDF) membranes (Millipore) using a semi-dry transfer apparatus (Bio-Rad); membranes were blocked with 5% BSA in TBS containing 0.2% Tween-20. Immunoblotting was performed with either mouse anti-RNase T2 monoclonal antibody (Santa Cruz, sc393729) or anti-AKAP4 monoclonal antibody (Abcam, ab56551) at a 1:2000 dilution. Normal mouse IgG (Millipore) was used as a negative control at the same dilution, followed by incubation with goat anti-mouse IgG-conjugated to horseradish peroxidase (HRP) (Jackson ImmunoResearch) at a 1:10,000 dilution. Signals were detected by enhanced chemiluminescence (Millipore) according to the manufacturers' protocol.
Indirect immunofluorescence assay
Indirect immunofluorescent staining identified RNASET2 and AKAP4 co-localization in human spermatozoa. Sperm was separated from semen samples by a discontinuous 47/90% Percoll density gradient centrifugation at 800 g for 30 min at 4°C. Subsequently, sperm smears were prepared and fixed with pre-cooled acetone for 15 min. All subsequent incubations were performed in a humidified chamber. Then, the sperm smears were blocked with 5% BSA in PBS for 30 min at room temperature, and later incubated with a mixture of purified rabbit anti-RNASET2 polyclonal antibodies (Abcam, ab107313, 1:100 diluted in PBS) and mouse anti-AKAP4 monoclonal antibodies (Abcam, ab56551, 1:200 dilution) overnight at 4°C. Meanwhile, the mixture consisted of normal mouse IgG (Millipore; 1:50 dilution) and normal rabbit IgG (Millipore; 1:100 dilution) was used as negative control. After washing, the sperm samples were incubated with a mixture of CF555-labeled donkey anti-mouse IgG (Biotium, 1:400 dilution) and CF488-labeled donkey anti-rabbit IgG (Biotium, 1:400 dilution) for 1 h at 37°C. Finally, the fluorescent-stained sperm samples were detected under a laser scanning confocal microscope (LSCM, Carl Zeiss LSM-510) by excitation at 488 nm and 543 nm and monitoring emission at 500-550 nm and 565-615 nm. The immunofluorescence test was repeated three times and semen from four normozoospermia donors was combined for each co-localization experiment.
PKA and PI3K assays
In order to detect the levels of PKA and PI3K (phosphoinositide 3-kinase) in human spermatozoa, three individual samples from donors were combined to guarantee that there were almost 3 × 10 6 spermatozoa in every experiment and each could be repeated three times. A Swim-up spermatozoa mixture was divided into three parts and incubated with RNase T2, RNase A and Tyrode's solution, respectively for 1.5 h at 37°C. Then, the samples were washed twice in cold PBS and resuspended in 200 μL cell lysis buffer followed by ultrasonic decomposition of the sperm. Finally, sperm lysates were centrifuged at 800 g for 10 min at 4°C, and the supernatant was collected for further analysis.
Intracellular PKA and PI3K were detected by using assay kits according to the manufacturer's protocol. PKA level was detected by employing a ProFluor PKA assay kit from Promega. At first, a standard kinase reaction started with a provided bisamide rhodamine 110 peptide substrate (PKA R110 substrate) in the provided reaction buffer. In this configuration, the PKA R110 substrate is non-fluorescent. The kinase reaction was performed following its termination with a termination buffer containing a protease reagent. Amino acids were removed from the non-phosphorylated PKA R110 substrate, causing the production of highly fluorescent rhodamine 110, which was measured in a luminescence spectrometer (Perkin Elmer LS50). Nevertheless, the phosphorylated PKA R110 substrate was resistant to digestion by the protease reagent and remained non-fluorescent. Therefore, the fluorescence intensity detected in the assay is inversely correlated with kinase activity. PI3K activity was determined by using a kit from Promega. The lipid kinase reaction was performed by incubating lipid substrate PIP2:3PS with a recombinant enzyme and ATP, and the kinase activity was measured using the ADP-Glo kinase assay. Firstly, after the kinase reaction, an ATP depletion reagent was added to terminate the reaction and deplete any remaining ATP, leaving only ADP. Then, a detection reagent was added to simultaneously convert ADP to ATP allowing the newly synthesized ATP to be converted to light by using a coupled luciferase reaction measured via a FB 12 luminometer (Berthold, Germany).
Intracellular Ca 2+ measurements
Swim-up spermatozoa suspensions from donors (there are nearly 3 × 10 6 spermatozoa) were treated with RNase T2, RNase A and Tyrode's solution respectively for 1.5 h at 37°C. Then, every sample was incubated with Fluo-4, AM (1:1000) (Dojindo, Kumamoto, Japan) for 30 min. Calcium fluorescence was detected using a luminescence spectrometer (Perkin Elmer LS50), and read at an excitation wavelength of 506 nm and an emission wavelength of 526 nm.
Sperm motility rescue assays
Sperm suspensions of donors were incubated with 100 μg/mL RNase T2 protein for 1 h and then supplemented with 10 μM db-cAMP (dibutyryl cAMP, Sigma-Aldrich) for another 0.5 h. CASA determined rescue effectiveness 0.5 h after 10 µM cAMP supplementation in accordance with 2010 WHO criteria for making this assessment.
Statistical analysis
Statistical analysis was carried out using SAS 8.2 software. The data referring to sperm motility are reported as mean ± s.e.m. and the other data as mean ± s.d. Group comparisons were made using Student's t-test where appropriate. One-way analysis of variance (ANOVA) test was used assuming a two-tail hypothesis with P < 0.05. The correlations of mean fluorescent intensity and sperm motility or progressive motility 
Results
Negative correlations among RNASET2 expression and spermatozoa motility and progressive motility
Sperm parameters, especially for the sperm motility, sperm count and normal sperm morphology in the semen from both normozoospermia donors and asthenozoospermia patients used in this experiment were calculated in accordance with 2010 WHO criteria (Data not shown).
To assess the RNASET2 content in human sperm, the mean fluorescence of RNASET2 positive sperm was scored using flow cytometry and correlated with sperm motility and progressive motility using linear regression analysis. As shown in Fig. 1A , the expression of RNASET2, indicated by the mean fluorescence of positive cells, was significantly higher in the sperm from asthenozoospermia patients (n = 105, 36.75 ± 1.33) than that in the sperm from normal donors (n = 100, 29.58 ± 0.76, P < 0.01, Fig. 1A) .
The correlation analysis showed that the mean fluorescence was negatively correlated with sperm motility (n = 205, r = −0.264, P < 0.001, Fig. 1B ) and progressive motility, respectively (n = 205, r = −0.242, P < 0.001, Fig. 1C) .
Compared with our previous study (Liu et al. 2013) , the current study contains enlarged sample size (205 sperm samples) to further prove that RNASET2 content is higher in sperm from asthenozoospermia patients.
RNase T2 treatment reduces sperm motility and progressive motility
To determine the effect of RNase T2 on sperm motility, motile human sperm from donors was incubated with either 100 μg/mL purified RNase T2 protein, or 100 μg/ mL RNase A (control) or Tyrode's buffer (blank) for 0.5, 1, 2 h, respectively, and then sperm motility and progressive motility were analyzed by CASA methods. Compared with the sperm treated with either Tyrode's buffer (0.5 h: 83.39 ± 1.51, 1 h: 79.23 ± 1.97, 2 h: 74.37 ± 2.23) or RNase A (0.5 h: 77.98 ± 1.67, 1 h: 72.36 ± 1.83, 2 h: 68.38 ± 2.33), RNase T2 treatment (0.5 h: 59.56 ± 2.94, 1 h: 51.42 ± 4.21, 2 h: 32.87 ± 3.90) significantly decreased sperm motility (n = 52, P < 0.01, Fig. 2A) . Similarly, RNase T2 treatment also significantly reduced sperm progressive motility at 0.5 h (RNase T2 treatment: 16.54 ± 1.53, blank: 32.14 ± 1.95, RNase A treatment: 28.46 ± 1.72), 1 h (RNase T2 treatment, 14.94 ± 1.81, blank, 31.92 ± 1.61, RNase A treatment: 27.88 ± 1.61) and 2 h (RNase T2 treatment, 9.79 ± 1.50, blank, 30.62 ± 1.78, RNase A treatment: 27.33 ± 1.58) (n = 52, P < 0.01, Fig. 2B ). Apparently, these data show that RNase T2 significantly impairs both sperm motility and progressive motility.
Likewise, compared with our previous study (Liu et al. 2013) , the current study also contains enlarged sample size (52 sperm samples in the protein inhibitory test) to further prove that RNase T2 treatment reduces sperm motility and progressive motility.
Identification of proteins interacting with RNASET2 in human spermatozoa
To elucidate the underlying mechanism whereby RNASET2 reduces both sperm motility and progressive motility, human spermatozoa proteins interacting with RNASET2 were isolated by coIP and identified by MS analysis. MS identified several interacting proteins isolated by IP with an anti-RNASET2 monoclonal antibody (Table 1) . RNASET2, coprecipitated with actin, a well-known binding target of RNASET2 in several cell lines. Moreover, this antibody efficiently pulled down the A-kinase anchor protein 4 (AKAP4) along with RNASET2. Notably, AKAP4 has been reported to affect sperm motility by modifying PKA activity (Miki et al. 2002 , Eddy et al. 2003 , Luconi et al. 2011 , which is consistent with our finding that RNase T2 could combine with AKAP4 thereby blocking the effect of AKAP4, and thereby suppressing sperm PKA activity. Figure 3A provides the results of Western blot analysis showing that RNASET2 interacts with AKAP4. This is evident because RNASET2 and AKAP4 co-immunoprecipitate with either the anti-RNASET2 or anti-AKAP4 antibody in pull downs of co-immunoprecipitates of human spermatozoa extracts. Furthermore, immunofluorescence staining also identified RNASET2 co-localization with AKAP4 on human spermatozoa, especially in the principle piece of the tail region (Fig. 3B ). These data make it very likely that RNASET2 interacts with AKAP4 in human spermatozoa.
Sperm signaling pathways mediating RNase T2-induced motility declines
Our results provide substantive indications that RNASET2 interacts with AKAP4 in human sperm. It is an abundant structural protein anchoring the PKA regulatory subunit to the fibrous sheath and thereby regulating PKA activity. To confirm that such an interaction accounts for how RNASET2 and AKAP4 affect PKA activity, we determined if PKA kinase and PI3K signaling pathways mediate RNase T2 suppression of human sperm motility and progressive motility. As shown in Fig. 4A (n = 10, P < 0.01), the RNASET2 content was inversely correlated with PKA activity. Its activity was significantly lower in sperm treated with RNase T2 because the fluorescence intensity is inversely correlated with kinase activity (285.30 ± 38.06 per 10 6 sperm), whereas in sperm treated with either RNase A, it fell to 256.04 ± 59.53 per 10 6 sperm or 244.92 ± 42.41 per 10 6 sperm in Tyrode's solution. These results show that RNase T2 treatment clearly reduced PKA activity. With regards to PI3K activity incubated with RNase T2, its activity was 1.13 × 10 6 ± 0.31 × 10 6 per 10 6 sperm. This level was significantly lower than that in sperm treated with either RNase A (2.78 × 10 6 ± 1.62 × 10 6 per 10 6 sperm) or Tyrode's solution only (3.07 × 10 6 ± 1.75 × 10 6 per 10 6 sperm) (Fig. 4B , n = 10, P < 0.01). Similarly, intracellular calcium levels and PKA and PI3K activity declined together in spermatozoa treated with RNase T2 (318.91 ± 39.35 per 10 6 sperm) compared with those in spermatozoa treated with either RNase A (354.58 ± 45.42 per 10 6 sperm) or Tyrode's solution (364.14 ± 49.14 per 10 6 sperm) (Fig. 4C , n = 10, P < 0.01).
cAMP supplementation rescues RNase T2-induced declines in sperm motility
To evaluate whether or not the PKA-PI3K signaling pathway contributes to mediating the inhibitory effect of RNase T2 content on sperm motility, we determined if cAMP supplementation, a known PKA activator, rescued RNase T2-induced declines in sperm motility. RNase T2 exposure for 1 h decreased the sperm motility from 91.75 ± 1.31 to 49.45 ± 5.45 (n = 20, P < 0.01), whereas supplementation with 10 µM db-cAMP for 30 min increased it to 78.45 ± 3.33 (n = 20, P < 0.01, Fig. 5A ). Likewise, RNase T2 exposure caused progressive motility to decline from 42.65 ± 4.55 to 19.80 ± 2.73 (n = 20, P < 0.01), whereas 10 µM db-cAMP supplementation partially reversed this decline by increasing it to 32.20 ± 2.33 (n = 20, P < 0.01, Fig. 5B ).
Discussion
In a previous study, we identified RNASET2 expression in human semen and suggested that it has a potential role in modulating sperm motility in asthenozoospermia (Liu et al. 2013 ). In the current study, we confirmed that RNASET2 content on human spermatozoa negatively correlates with declines in sperm motility because Figure 2 Purified RNase T2 treatment reduces sperm motility and progressive motility. After being incubated with either 100 μg/mL purified RNase T2, or RNase A (control) or Tyrode's solution (blank) respectively, for 0.5, 1 and 2 h, sperm motility (A) and progressive motility (B) were determined by CASA. Data are expressed as mean ± s.e.m., and calculated by ANOVA test. **P < 0.01. we gained access to a larger semen sample size. One hundred normozoospermia semen samples and 105 asthenozoospermia semen samples were collected and analyzed by flow cytometry assay enabling us to measure the fluorescence of at least of 30,000 spermatozoa in each semen sample and determine their RNASET2 content. The results show that RNASET2 content increased in sperm collected from asthenozoospermia patients, which was associated with corresponding declines in both sperm motility and progressive motility in each semen sample. Accordingly, our results show that there is an inverse relationship between RNASET2 content and both sperm motility and progressive motility in 205 sperm samples. This association suggests that increased RNASET2 content in sperm from asthenozoospermia patients might be an important factor accounting for declines in sperm motility in these patients. This finding prompted us to confirm its validity by using the RNase T2 protein treatment test to determine if RNase T2 altered sperm motility. ACTIBIND was used for this purpose, which is analogous to RNase T2. This substitution was made because ACTIBIND can be isolated in large amounts in its active form from Aspergillus niger. It was isolated from conditioned Aspergillus niger culture medium by a two-step anionexchange chromatographic method even though the full-length human recombinant RNASET2 may be more appropriate for this type of experiment. Nevertheless, this alternative was chosen because RNASET2 yields were quite low from a yeast expression system or mammalian cell expression system possibly due to ribonuclease degradative activity. This concern is perhaps mitigated by the fact that RNase T2 family members are ubiquitous and evolutionarily conserved. Thus, the amino acid sequence or structure as well as biological activity of ACTIBIND and RNASET2 have high homology (Luhtala & Parker 2010) . In our previous study, the RNaseT2 protein identity purified from Aspergillus niger was confirmed by Western blot analysis and MS prior to its use (Liu et al. 2013) . We found that either 200, 500 or 1000 μg/mL RNase T2 protein efficiently reduced both sperm motility and progressive motility. However, there were only 23 samples in this previous study whereas 52 samples were used in the sperm motility assay in the current study. This larger sample size was sufficient for us to confirm that sperm motility and especially progressive motility rapidly decreased within 30 min after being treated with RNase T2 protein (100 μg/mL). It also could probably underlie why RNASET2 had a significant inhibitory effect on sperm motility. Meanwhile, NesielNuttman and colleagues reported that a truncated form of recombinant RNASET2 expressed in E. coli, with a short non-glycolyslated protein fragment possesses actin-binding capacity and displays antitumorigenic and antiangiogenic activities in both in vitro and in vivo assays (Nesiel-Nuttman et al. 2014) . Although a large quantity of activated RNase T2 protein could be conveniently purified from Aspergillus niger, a truncated recombinant protein fragment was used because we predicted that it might be a more efficient and accurate approach for our future undertakings determining the contribution by RNASET2 content to controlling sperm motility and its development as a molecular drug target for use in male contraception. It is generally accepted that good sperm motility is crucial to normal male fertility and semen quality, whereas poor sperm motility or immotile spermatozoa reduce fertility. Most mammalian sperm display two types of motility: (1) activated motility in ejaculated sperm and (2) hyperactivated motility in sperm recovered from the site of fertilization (Overstreet et al. 1980 , Suarez & Osman 1987 . Sperm motility maintenance is dependent on some complex interactions between different cell signaling systems; one of them is the signal pathway network involved in mediating sperm movement. The cAMP/PKA and calcium signaling pathway complex are usually recognized to mediate such control. On the one hand, the PKA-dependent phosphorylation of flagella proteins is responsible for activating sperm motility in mammals (Tash & Means 1982 , 1983 , i.e. the activation of PKA induced by cAMP phosphorylates some kinases such as phosphatidylinositol 3-kinase (PI3K) and Src family protein tyrosine kinase (SFK), and flagellum proteins, such as calcium-binding tyrosine phosphorylation-regulated protein (CABYR) and then initiates flagella motility (Turner 2006) . Meanwhile, the activation of PKA also increases in turn the activity of calcium channels such as CatSper leading to increases in intracellular Ca 2+ level. Thus, PKA-dependent phosphorylation undisputedly plays a regulatory role in sperm motility. On the other hand, calcium is necessary for acquiring motility in mammalian spermatozoa. In general, there are at least two different calcium signaling pathways. One of them is calmodulin (CaM) independent and changes in intracellular calcium levels modulate soluble adenylyl cyclase (sAC) activity. Increases in its activity in turn generate cAMP leading to PKA stimulation, which then is directly linked to promoting flagella function (Buck et al. 1999 , Chen et al. 2000 , Jaiswal & Conti 2003 , Litvin et al. 2003 , Esposito et al. 2004 , Hess et al. 2005 . The other Ca 2+ signaling pathway is instead CaM dependent and increases in intracellular Ca 2+ activate calmodulin kinase (CaMK), which then induces spermatozoa motility (Wu et al. 2000 , Ignotz & Suarez 2005 , Marin-Briggiler et al. 2005 . Besides, the lipid signaling phosphatidylinositol 3-kinase (PI3K) pathway is also suggested to be a key regulator of sperm motility or capacitation. PI3K can activate AKT via PIP3 (phosphatidylinositol 3,4,5-triphosphate), i.e., PI3K initially activates PIP3 and then PIP3 combines with PDK1 (phosphoinositide-dependent kinase 1) and AKT, and subsequently, PIP3 prompts PDK1 to catalyze AKT phosphorylation. This reaction maintains sperm motility by inhibiting caspases 3 and caspases 7 (Gallardo Bolanos et al. 2014 ).
In the current study, we definitively found that incubation of motile sperm with RNase T2 efficiently reduced intracellular PKA activity, PI3K activity and declines in intracellular calcium influx. Coincidently, the inhibitory effect of RNase T2 on sperm motility could be largely rescued by db-cAMP supplementation, a cellpermeable cAMP analogue that activates PKA. Thus, the increases in RNASET2 content appear to decrease human sperm motility by reducing intracellular PKA PI3K activities and lowering intracellular calcium levels. It appears likely that one of the factors contributing to lower sperm motility and progressive motility in asthenozoospermia is elevated spermatozoa RNASET2 Figure 5 db-cAMP rescues RNase T2-induced suppression of sperm motility. The declines in sperm motility (A) and progressive motility (B) were largely rescued by 10 μM db-cAMP supplementation for another 0.5 h. Data are expressed as mean ± s.e.m., and ANOVA evaluated significance. **P < 0.01. content because it reduces PKA-mediated protein phosphorylation and lowers intracellular calcium levels, both of which contribute to the control of sperm motility.
Nevertheless, the underlying mechanism accounting for how changes in RNASET2 content contribute to controlling sperm motility and progressive motility are not fully elucidated. It is generally known that RNASET2 can directly bind to cell surface actin and disrupt intracellular actin networks in cancerous cell lines. In our previous study, we also confirmed that RNASET2 binds to actin in human spermatozoa (Liu et al. 2013 ). In addition, we presumed that the effects of RNASET2 on sperm motility were likely involved in its ability to target some signal pathway regulator rather than merely bind to actin. Thus, in this study, the proteins interacting with RNASET2 were isolated by protein IP and identified by LC-MS in human spermatozoa. MS results showed actually that some of the proteins interacting with RNASET2 belong to the actin family. Furthermore, it was of great interest to us that large amounts of AKAP4 precipitated with RNASET2 suggesting that it has a potential role in signal pathway regulation. Such interaction was further confirmed by the finding that RNASET2 and AKAP4 co-immunoprecipitate with either the anti-RNASET2 or anti-AKAP4 antibody. In addition to IP and immunoblot, indirect immunofluorescence analyses demonstrated AKAP4 and RNASET2 localization in human spermatozoa. Staining of AKAP4 was mainly localized in the sperm neck and tail, especially in the principle piece of sperm flagellum, while RNASET2 accumulated/stuck in the acrosome region of the sperm head, neck and the principle piece of sperm tail. Moreover, significant RNASET2 and AKAP4 co-localization was found in the principle piece of the sperm tail. Notably, human spermatozoa are highly polarized cells, and their motility is fully dependent on sperm tail activity. Thus, their specific co-localization and interaction in the sperm tail strongly indicate their involvement in contributing to sperm motility regulation.
As reported, AKAP4 is an abundant structural protein present in the sperm fibrous sheath, which enables it to anchor regulatory subunits of PKA to the fibrous sheath. This is requisite for PKA activation to increase sperm protein tyrosine phosphorylation status, which in turn leads to activation of the tail beat (Eddy et al. 2003 , Luconi et al. 2011 . Akap4-null male mice are infertile, due to the sperm having a defective fibrous sheath and subsequent progressive loss in motility (Miki et al. 2002) . Interestingly, the function of AKAP4 in regulating PKA activity and sperm motility is consistent with our results showing that RNase T2 treatment can reduce sperm motility through declines in PKA/PI3K/calcium signaling pathway activation. These findings suggest that increases in RNASET2 content downregulate human sperm motility by binding and interacting with AKAP4 in the principle piece of the spermatozoa, which then directly reduces PKA activity. Such declines lower the phosphorylation status of various target proteins that are presumed to initiate several signaling pathways including increases in PI3K activity and intracellular calcium transients.
This study provides new insights into the function of RNASET2 that might be related to regulating AKAP4 activity. However, the interaction between the two proteins is not only limited to controlling sperm motility. In relationship to cancer, RNASET2 levels are relevant to several different types of malignancy. Loss of RNASET2 has been associated with a variety of solid neoplasms, such as ovarian tumors, carcinomas of the breast, melanoma, colon/rectum tumor and hematologic malignancies (Lin & Morin 2001 , Acquati et al. 2005 , 2011 , 2013 , Monti et al. 2008 . Meanwhile, AKAP4 is expressed not only in human germ cells, but is also used as a new cancer/testis antigen in various tumor cells. AKAP4 overexpression correlates with differences in tumor malignancy, such as glioblastoma, myeloma, prostate cancers, breast cancer, cervical cancer, ovarian cancer, colon cancer and esophageal cancer (Ragel et al. 2007 , Chiriva-Internati et al. 2008 , 2012 , Agarwal et al. 2013 , Saini et al. 2013 , Gumireddy et al. 2015 , Jagadish et al. 2016 , Li et al. 2016 . This similar association between declines in RNASET2 content and increases in AKAP4 content in tumor genesis, combined with their documented interaction described in this study, strengthens the notion that both these proteins may contribute to tumor genesis and progression and sperm motility as well.
In conclusion, we found that the RNASET2 content in spermatozoa was higher in asthenozoospermia than that in normozoospermic samples. Besides its documented direct binding to cell surface actin and disruption of actin networks in spermatozoa, excessive RNase T2 content in human sperm may largely reduce the levels of intracellular PKA, PI3K, protein phosphorylation and intracellular calcium levels through binding and interacting with AKAP4. Such a decline could reduce intracellular PKA-and PI3K-mediated increases in protein phosphorylation status. Furthermore, rises in intracellular calcium levels are crucial for sperm motility activation, whereas declines in the aforementioned levels eventually results in poor sperm motility (Fig. 6 ). Therefore, our results support the notion that RNASET2 is a critical factor whose modulation affects human sperm motility and also has the potential to be a relevant biomarker for evaluating sperm quality in a clinical setting.
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